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. I.  IHSODOCTIOK 


Bie  research  program,  of  which  the  experiments  reported  herein 
form  m pert,  it  concerned  with  obtaining  experimental  data  pertinent  to 
the  performance  general  characteristics  of  a rocket  motor  operating 
at  high  combustion  pressures  using  whits  faming  nitric  acid  (VISA)  and 
jet  propulsion  fuel  (JT-^4)  as  the  propellants.  Some  of  the  experiments 
were  contacted  using  JB-3  as  the  fuel,  and  some  using  JB^4. 

In  addition  to  investigating  rocket  motor  performance,  average 
heat  transfer  rates  were  measured  for  the  combustion  ohamber  and  the  nossis. 

At  least  95  per  cent  of  the  theoretical  (fresen  composition)  val- 
ties  of  speolfio  impulse  for  the  propellants  was  obtained  ut  all  mixture 
ratios  by  utilising  a triplet  type  Injector  in  conjunotipn  with  a turbos 
lenoe  ring  similar  to  the  one  described  in  reference  !• 


II.  PSBJOaUSCS  AHD  H1AT  THAHSIXB  AT 
1000  PBIA  00HBUSTI0H  PHSflSUEX 

figure  1 presents  the  speolfio  impulse  I_.  the  thrust  cmeffi- 

sp 

dent  0-,  and  the  characteristic  velocity  0*,  uncorrected  fer  the  heat 

r 1 
transferred  to  the  cooling  water,  as  functions  of  the  mixture  ratio  • 

The  theoretical  values  fer  VISA  and  n- octane,  based  on  frozen  equlllbrluB 

composition  (references  4 and  5)  are  also  presented  for  comparison.  It 

is  seen  that  the  maximum  values  of  specific  impulse,  thrust  coefficient. 


1.  Mixture  ratio  « 0/f  ■ 


oxidizer  weight  flow  rate 
fuel  weight  flow  rate 
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speanc  mpulse  thrust  coefficient  characteristic  velocitt 
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and  characteristic  velocity  occur  at  a mixture  ratio  of  approximately 
4.6.  Their  respective  values  are  I * 248  lb  eeo  per  lb,  0f  a 1*55* 
and  0*  ■ 5150  ft  per  eeo. 

figure  2 presents  the  experimental  specific  impulse  corrected 
for  the  heat  transferred  to  the  cooling  water,  1^^,  and  is  compared  with 
the  theoretical  values  mentioned  above,  A.  smooth  curve  drawn  through  the 
experimental  points  indicates  that  the  maximum  corrected  specific  Impulse 
is  256  lb-sec  per  lb  and  occurs  at  a mixture  ratio  of  4,6.  Ik  the  mixture 
ratio  range  4 to  5*5  there  is  little  difference  between  the  experimental 

values  of  I and  the  theoretical  values, 

■P 

In  the  mixture  ratio  ranges  2.8  to  4 and  5*5  to  7*8  the  experi- 
mental values  of  I are  smaller  than  the  theoretical  values,  and  the 

■P 

difference  between  the  two  values  tends  to  Increase  as  the  mixture  ratio 
departs  from  the  optimum  value  of  4.6,  Since  one  injector,  in  conjunction 
with  a turbulence  ring,  was  employed  over  the  entire  mixture  ratio  range 
of  2,8  to  7.8.  the  differential  pressures  acting  on  the  oxidizer  and  fuel 
orifices  differed  widely  at  the  extreme  limits  of  the  mixture  ratio  range, 
for  example,  the  pressure  drop  across  the  fuel  orifloes  decreased  from 
200  psl  for  a mixture  ratio  of  3 to  50  P*i  for  a mixture  ratio  of  7*  while 
the  corresponding  pressure  drops  for  the  oxldlser  orifices  Increased  from 
120  psl  to  243  psl.  It  seems  reasonable  to  assume  from  previous  work 
conducted  at  this  laboratory  that  if  the  experiments  had  been  conducted 
with  several  injectors,  each  designed  for  the  particular  mixture  ratio 
being  studied,  the  difference  between  the  corrected  experimental  values 

of  I and  the  theoretical  values  would  be  muoh  smaller. 

•P 

When  the  rocket  motor  was  operated  with  rich  mixture  ratios 
below  3,  the  combustion  tended  to  be  rough,  but  no  serious  instability 
was  encountered,  "Smooth"  sounding,  stable  operation  was  obtained  in 
the  mixture  ratio  range  of  3 to  5*  Vith  mixture  ratios  leaner  than  3,3, 
unstable  combustion  was  generally  encountered,  but  not  always.  Stable 
operation  was  obtained  at  leaner  mixture  ratios  with  the  first  6-polnt 
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Fig.  2 Specific  Impulse  Corrected  for  Hoot  Trans  for  y$  Mlxtvro  Rath 
for  WFNm  and  JP-4at  1000  psia  Combustion  Pros  sure. 
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Injector  (211-69-1)  employed  than  with  the  aeoond  (2i  1-69*2).  Ihe  only 
difference  between  the  two  Injector*  was  that  the  pressure  drop*  acre** 
the  second  was  slightly  lover* 

figure  3 present*  the  average  heat  transfer  fluxes  for  the  oom- 
buetion  cheater,  the  rossle,  and  the  o^er-all  heat  tr*u»4-»r  flux  fer  the 
rocket  aetor.  She  erMHdl  heat  transfer  flux  is  defined  as  the  ratio 
of  the  sun  of  the  nos  tie  and  the  ooabustlon  chamber  heat  transfer  ratee 
te  the  ooablned  Inside  surface  area  of  the  two  ooaponents*  She  over-all 
heat  transfer  flux  does  not  lnoluds  the  heat  transferred  (approximately 
6 per  oent  of  the  tetal)  te  the  turbulence  ring* 

11  though  the  data  presented  in  fig.  3 are  somewhat  scattered, 
the  dependency  of  heat  transfer  on  mixture  ratio  Is  quite  evident • She 
trend  ef  the  data  indicates  that  the  maxima  value  for  the  enrerage  heat 
transfer  flux  for  the  nossle  was  0*3  B/ sec-in  and  occurred  at  a mixture 
ratle  of  4*0*  She  average  heat  transfer  flux  for  the  ooabustlon  chamber 
was  a maximum  at  a mixture  ratio  of  4*5,  having  the  value  4*2  B/see-ln  * 

She  detailed  experimental  data  obtained  at  lOOO-psi*  contraction 
pressure  are  tabulated  5"  fable  1,  Appendix  1* 

Ills  XflSOT  Of  GOKBUBfZOH  PHZ0SUHX  OH  FXBfOHNlHOl  AND  HHAT  TBAV87XK 

It  le  of  Interest  to  ooapars  the  performance  ef  rocket  aotere 
operating  at  100&-p«da  osmbuetion  preeeure  with  that  ef  motore  operating 
at  combustion  pressures  #f  300,  300,  and  700  psla*  She  performance  ef 
VIKA  and  Jft-3  the  latter  ooabustlon  pressures  is  presented  In  refer- 
ences 1 and  2,  and  was  obtained  under  the  same  program  as  the  1000-psla 
data  reported  herein*  Oeemetrloally  similar  motors,  each  developing  300 
pounds  thrust,  were  smploysd  throughout  the  program* 

She  effect  ef  eaxbustirn  pressure  on  the  corrected  specific  im- 
pulse fer  mixture  ratios  ef  3-0,  4*3,  and  6.0  is  ah«n  in  fig*  4*  lxcept 
for  pQ  * 1000  psla  end  0/f>^-*3,  the  experimental  values  are  all  lover  than 
the  theoretical  values,  the  average  differences  being  1*4  per  oent  fer  a 
mixture  ratio  of  4*3,  and  3*6  per  cent  for  mixture  ratios  ef  3*0  and  6*0* 
She  experimental  specific  impulse  may  not  represent  the  maxi  mgs  values 
that  can  be  attained  for  mixture  ratios  of  3 and  6*  2hey  do,  however,  repr 
sent  the  performance  that  can  be  expected  if  one  injeoter  le  employed  fer 
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the  mixture  ratio  rase*  of  3 to  6. 

The  variation  of  tho  experimentally  determined  opoelflo  impulse 
with  oombustion  pressure  la  reproaontod  oloaely  "by  the  exponential  curve 


Vi 


•P®  2 Pe2; 


op! 


(l) 


In  which  0 is  a oo  net  ant  and  m la  tho  elopo  of  tho  experimental  curve. 

Both  the  exponent  ■ and  the  oonetant  0 have  different  values  for  different 
■lxture  ratios* 


Issploying  two  points  on  each  experimental  curve  shown  in  Jig.  4, 
the  following  equations  were  determined  for  the  coalbuation  pro  a rare  range 
of  300  to  1000  pala*  Tor  the  optlaua  mixture  ratio  4*5*  the  maximum  cor- 
rected apealfla  impulse  la  given  by 

Xepo  “ 113,2  Po0#11811  - 0.5  lb-sec/lb  (?) 

Tor  the  mixture  ratio  3*0* 

- 110.2  P °»109°  ♦ 0.5  lb-oeo/lb  (3) 

■pc  o 

and  for  the  mixture  ratio  6.0 

I - 95.91  p®*1353  * 1.7  Ib-seo/lb  (4) 

■pc  o 


figure  5 shows  the  effect  of  combustion  pressure  sn  the  heat 
transfer.  The  shaded  areas  represent  the  maxima  and  minima,  doe  to  scat- 
tering of  the  data  for  the  peak  heat  transfer  flux,  for  combustion  pressures 
of  300,  500,  700,  and  1000  psla.  At  each  pressure,  the  maximum  average 
heat  transfer  flux  was  obtained  In  the  mixture  ratio  regime  4.5  to  5*  *he 
maximum  heat  transfer  fluxes  for  the  noszle  and  the  combustion  chamber  at 
1000  psla  are  both  approximately  3 times  the  respective  values  measured 
at  3^0  psla. 

Bis  experimentally  determined  heat  transfer  fluxes  are  repre- 
♦ 2 

sente 4 within  — 0*5  B.seo-in  by  the  following  linear  equations! 
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Fig.  5 . Variation  of  Me  !mum  Hoot  Trantfar  Flux 
with  Com  butt  ion  Prttturt. 
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Sossle,  “ 0.00786pcv0.04 

(5) 

Chamber,  - G.004l9  pQ  - 0.39 

(6) 

It  It  Intar  •■tine  to  not*  that  th«  nossle  heat  transfer  fltac  is  essentially 
directly  proportional  to  the  oombustion  pressure,  and  that  within  the  soat- 
ter  of  the  sxperiaental  data,  the  combustion  chamber  heat  transfer  flux 
oould  also  be  considered  as  being  proportional  to  the  oonbuetion  pressure. 

During  the  course  of  the  experiaental  work  a short  inrestigation 
vas  eade  of  the  suitability  ef  available  eeraalc  materials  as  liners  for 
the  ooabustlon  chamber  and  nossle  of  a 500  lb  thrust  rocket  motor  opera- 
ting at  100&-psla.  All  of  the  ceramic  liners  failed  in  lass  than  one 
second  of  operation,  but  the  ceramic  lined  combustion  ohambers  were  un- 
damaged after  firing  durations  of  10  seconds.  So  effort  was  made,  how- 
ever, to  establish  the  life  of  those  liners. 

IT,  OOHOLU8IOI8 

1.  The  maximum  performance  of  a rocket  motor  operating  on  VISA 
and  JP-4  at  1000-psla  combustion  pressure  and  producing  5 00  pounds  thrust 
occurs  in  the  mixture  ratio  regime  4 to  5*  More  specifically,  the  trends 
ef  the  experimental  curves  indicate  that  a maximum  specific  impulse  of 
256  lb-seo/lb  can  be  obtained  at  a mixture  ratio  of  4.6.  Shis  is  a 4.5 
per  cent  Increase  above  the  Maximum  value  obtained  at  700-psla  combustion 
pressure,  and  15*4  per  cent  greater  than  the  maximum  value  obtained  at 
300-psla  combustion  pressure. 

2.  Bte  theoretical  specific  impulse  bated  upon  the  frozen  equi- 
librium compositions  given  in  reference  4 closely  approximates  the  experi- 
mental corrected  values  in  the  mixture  ratio  regime  4 to  5*5*  ^cr  mixture 
ratios  less  than  4 and  greater  than  5*5*  the  experiaental  values  were 
lower;  e.g.,  3 P*r  cent  less  at  a mixture  ratio  of  7*5*  and  1.7  per  cent 
less  at  a mixture  ratio  of  3*0.  The  departure  of  the  experiaental  per- 
formance from  the  theoretical  values  for  mixture  ratios  above  *nd  below 

the  optimum  range  may  have  been  due  to  poor  mixing  provided  by  the  lnjeotor. 
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Zt  may,  therefore,  he  possibl*  to  improve  the  performance  at  the  axtrene 
mixture  ration  hy  employing  an  injector  designed  for  the  required  mixture 
ratio, 

3*  Tbr  the  oombustion  preeeure  range  300  to  100C-  pile,  vlth 
mixture  ratios  between  3 and  6,  the  specific  Impulse  corrected,  for  the 
heat  transferred  to  the  cooling  water  can  he  represented  within  1 per 
cent  hy  the  exponential  equation 


In  whioh  0 and  m are  oonstants  which  depend  on  the  mixture  ratio, 

4,  The  maximum  are  rage  heat  transfer  fluxes  obtained  at  1000- 
paia  combustion  pressure  for  the  nc::lc  and  the  oombustlcn  chamber  are 
both  approximately  3 times  those  obtained  at  300  pels.  Vi thin  the  experl- 
nental  error,  the  nestle  and  oombustion  chamber  heat  transfer  fluxes  can 
be  expressed  as  linear  functions  of  combustion  pressure,  and  are  both  al- 
most directly  proportional  to  the  combustion  pressure* 

3,  Bo  difference  between  the  performance  of  Jfc-4  and  VIB4L 
and  that  of  J?-3  and  VIKA,  was  deteoted, 

6,  It  appears  that  as  good  performance  can  be  obtained  with 
a 6-impingement  point  triplet  lnjeotor  as  with  a 12-impingement  point 
triplet  injector  when  either  is  employed  in  conjunction  with  a turbulence 
ring* 

7,  Zt  le  difficult  to  obtain  stable  oombustion  throughout  the 
oomplete  mixture  ratio  range  of  2.8  to  with  only  one  lnjeotor.  Un- 
stable combustion  occurred  more  frequently  for  mixture  ratios  leaner  than 

& operate  over  such  a wide  range  of  mixture  ratios  with  one  lnjeotor 
and  still  maintain  supercritical  pressure  drops  across  the  injector  ori- 
fices may  require  differential  pressure  of  the  order  of  3^0  to  400  psl  at 
the  extreme  onds  of  the  range.  It  is  realised  that  the  phenomenon  of  in- 
stability is  not  as  yet  well  understood,  and  that  the  injector  pressure 
drop  and  the  quality  of  the  mixing  of  the  propellants  after  injection  may 
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or  may  not  bo  tho  principal  oause  of  tho  combustion  Instability. 

8*  A water-cooled  oopper  nozzle  can  be  employed  satisfactorily 
at  HXX^psia  ooab nation  pressure  with  a coolant  flow  rata  of  approximately 
1 lb  per  see,  and  a pressure  drop  of  approzlaataly  J60  pal*  It  appears, 
however,  that  tin,  copper  nozzle  will  require  sons  type  of  external  support, 
for  example  froa  the  filler  block,  to  prevent  buckling. 

9.  Iona  of  the  oeramio  materials  tested  le  satisfactory  fer 
the  noszles  of  unoooled  rocket  aotors  which  are  to  operate  at  maximal  per- 
formance at  1000-psla  eoabustlon  pressure. 

10.  Xt  aay  be  possible  that  oeraalo  liners  nay  withstand  the 
conditions  prevalent  In  the  eoabustlon  chamber,  but  more  experimental 
Information  Is  required  to  establish  that  conclusion. 

t.  nuoaiFsoi  or  ixraixnm  scout  kotos* 

Pour  rocket  motors,  each  having  an  L*  of  100  and  designed  to 
produce  500  pounds  thrust,  were  employed  for  the  Investigation  conducted 
at  100&*psla  combustion  pressure.  Three  of  the  motors  were  unoooled  end 
were  utilised  for  obtaining  starting-up  characteristics  and  preliminary 
performance  Information.  One  of  the  uncooled  motors  consisted  of  a nia- 
frax  oombustlon  chamber  and  noszle  cemented  In  a mild  steel  retainer. 

The  seoond  unoooled  motor  comprised  a "Borollt*  Xa  noszle  and  oombustlon 
chamber  osmented  In  a mild  steel  retainer.  The  third  unoooled  motor  con- 
sisted of  a stainless  steel  combustion  chamber  an a a solid  copper  nozsle. 

The  fourth  motor  was  water  oooled  and  was  the  one  employed  fer 
obtaining  all  of  the  performance  and  heat  transfer  data  reported  herein, 
figure  6 Is  a crosw-seotion  through  the  experimental  motor,  figure  7 1* 
a photograph  giving  an  exploded  view  of  the  motor  assembly.  The  combus- 
tion chamber  comprised  an  II 81  type  3^7  stainless  steel  cylinder  with 
helical  grooves  machined  In  the  outer  surface  to  form  a helical  coolant 
passage  of  rectangular  cross  section.  TWo  combustion  chambers  of  the 
latter  design  were  employed  during  the  investigation. 
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FIG.  6.  Cross  Section  of  1000-psia  Water-Cooled  Rocket  Motor 
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Throe  water-cooled  copper  nos  tie*  were  employed  in  the  course  of 
the  investigation.  One  nozzle  employed  a helical  coolant  passage  formed 
hy  silver  soldering  copper  wire  to  the  outer  wall  of  the  oopper  liner, 
lhat  design  proved  to  he  unsatie factory  because  the  high  coolant  pressure 
deformed  the  wipe  thereby  obstructing  the  coolant  passage.  In  the  tve 
other  oopper  notzles  the  helical  ooolant  passages  were  machined  in  their 
outer  walls,  figure  8 illustrates  the  method  employed  for  introducing 
the  cooling  water  around  the  nozzle.  The  arrangement  shown  provides  a 
uniform  decrease  in  cross-sectional  area  of  the  ooolant  passage  from  the 
ooolant  inlet  section  to  the  wall  of  the  copper  nozzle*  and  in  addition 
eliminates  stagnation  of  the  ooolant  at  the  inlet  and  outlet  seotlona. 

Three  triplet-type  injectors  were  employed  during  the  oourse 
of  the  experiments;  one  had  12  impingement  points,  and  two  had  6 impinge- 
ment points.  The  general  configuration  is  illustrated  in  fig.  6.  Acid 
is  ejected  from  the  outer  and  inner  riroles  of  holes*  while  fuel  is  ejected 
from  the  cirole  of  holee  looated  between  the  two.  All  of  the  reported 
data  were  obtained  with  a triplet-type  injeotor  operating  in  conjunction 
with  a turbulence  ring.  Each  injeotor  was  designed  to  provide  a pressure 
drop  greater  than  50  psl  for  the  mixture  ratio  regime  3 to  7*  pres- 

sure drop  versus  flow  rate  characteristics  for  the  turbulence  ring  and 
for  each  Injector  are  presented  in  figs.  9*  10*  11  and  12.  file  type  of 
impingement  and  the  resulting  spray  pattern  produced  with  water  by  the 
12-polnt  Injeotor  is  shown  in  Jig,  13.  The  photograph  was  taken  before 
the  Injeotor  was  employed  for  a firing  test,  figure  14  is  a photograph 
of  the  spray  pattern  produced  by  the  same  injector  when  equipped  with  a 
turbulence  ring. 

71.  mSCBIPHOH  Of  AFPABATO8  AND  I N8  THUGCN  TATI  ON 

Except  for  the  following  changes,  the  test  apparatus  employed 
for  the  experiments  reported  herein  was  identical  to  that  described  in 
references  1 and  2. 

A Waterman  flow  control  valve  was  installed  at  the  coolant  out- 
let section  of  the  combustion  chamber,,  and  was  adjusted  to  provide  a flow 
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Fig.  12.  Pressure  Drop  vs  Fhw  Rate  for  Propellant  Injector  1000-2:1-6-2. 
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Fig-  ,3‘  S»r»y  Pattern  Produced 


»y  1000-2-1.12  Injector 


Fig.  14. 


Spray  Pattern  Produced  „y  1000-2:1.12  ^ 


“d  Turbulence  Ring. 
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rat*  of  1 lb  per  boo,  an  inlet  pressure  of  approximately  400  psia,  and 
an  outlet  pressure  of  230  pslg.  Bie  coolant  (vater)  for  the  combustion 
chamber  was  supplied  by  a centrifugal  pump. 

An  air-pressurised  cooling  eye  ten  was  utilised  for  supplying 
cooling  vater  to  the  nossle.  She  flow  rate  vas  adjusted  te  approziaately 
1 lb  per  sec  by  means  of  a hand  valve  connected  to  the  nossle  coolant 
outlet.  She  ooolant  pressure  vas  adjusted  to  approximately  1000  pslg  at 
the  inlet  and  200  psig  at  the  outlet.  Since  the  ooolant  supply  tank  vaa 
pressurised  fToa  the  same  ooapressed  air  supply  used  fer  pressurising  the 
oxldlser  supply  tank,  the  nossle  ooolant  pressure  and  flev  rate  varied 
slightly  from  one  firing  test  to  the  next  depending  upon  the  propellent 
■lxture  ratio. 

She  bipropellant  valve  employed  vas  salvaged  ftrom  THU3-AJ-5 
JASD  unit  and  vas  so di fled  to  provide  a more  positive  shut  off  and  a 
slover  opening  speed.  She  pintles  vere  redesigned  in  the  Banner  pre- 
viously described  in  reference  3. 

Beluctance  type  transducers,  described  in  references  1 and 
3 vere  employed  for  eeasuring  pressures,  differential  pressures,  and 
thrust.  She  flovs  of  ooolant  vater  to  the  nozzle  and  combustion  chamber 
vere  measured  by  means  ef  Jlevrators,  and  ths  flev  of  ooolant  vater  te 
the  turbulence  ring  calculated  by  means  of  Tig.  9 f^on  measurements  of 
the  upstream  ooolant  pressure  during  the  run.  All  other  flevs  vere  meas- 
ured vith  sharp-edge  orifices  in  conjunction  vlth  reluctance  type  differen- 
tial pressure  transducers.  A more  detailed  discussion  ef  the  instrumenta- 
tion and  testing  procedures  employed  is  presented  in  reference  3. 

Til,  2HSCU88I0N  07  XX7Z2XKH9 

Sons  17S  to  180  vere  mads  primarily  to  obtain  information  con- 
cerning the  operating  characteristics  of  the  entire  system.  Bis  first 
run  (Sun  172)  at  1000-psia  combustion  pressure  vas  made  vlth  an  uncooled 
motor  (steel  combustion  chamber  and  copper  nossle)  to  obtain  starting-up 
characteristics.  Bis  motor  started  smoothly,  but  a minor  explosion  ocoured 
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on  ehut-devn.  Tor  ran  173*  the  water  ooolod  oombustion  chamber  was  em- 
ployed.  The  oombustion  chamber  performed  satisfactorily,  but  the  nnoeeled 
oopper  nosole  burned  out  in  less  than  5 oeoonds.  A water-oeoled  nossle 
was  installed  and  the  motor  was  run  at  70Q"P*i*  oombuatien  pressure.  She 
nossle  burned  out  at  the  throat  after  35  oeoonds  of  operation.  Judging 
from  the  position  of  the  soalo  deposit  in  the  coolant  passage,  the  •burn- 
out* was  oaused  by  boiling  of  the  coolant.  Sons  175  te  179  v*r*  made  with 
the  ceramic  motors  to  obtain  more  oomplote  Information  on  operating  charac- 
teristics. All  of  the  eeraaio  nos  ties  burned  out  at  the  threat  in  lose 
than  10  seconds.  In  most  Instances  the  burnout  started  in  leee  than  one 
second*,  figure  15  is  a photograph  of  one  of  those  nossles  after  firing 
showing  the  burnout  as  viewed  from  the  divergent  end  of  the  nestle. 

A water-cooled  copper  nossle  (VO-Ou-l)  was  installed  for  Bun 
180.  After  3 seo  of  running  the  nostle  coolant  flow  rate  decreased  and 
the  motor  was  shut  down*  Choking  of  the  oool&nt  flow  due  to  the  genera- 
tion of  steam  in  the  coolant  passage  appeared  to  be  the  cause  of  the  decrease 
in  the  coolant  flow  rate. 

A larger  coolant  flow  rate  was  employed  for  Bun  181.  The  motor 
performed  satisfactorily  for  24  seo.  After  the  shut  down,  however,  a 
small  hole  was  discovered  in  the  nossle  just  downstream  from  the  throat. 
Disassembly  of  the  noszle  showed  that  the  high  coolant  preesure  had  forced 
the  oopper  nozzle  away  from  the  filler  blook,  and  had  allowed  the  coolant 
to  by-pass  the  coolant  passage.  Evidence  of  boiling  was  present  in  the 
region  of  the  burnout,  fixe  coolant  passage  of  the  latter  nossle  was  formed 
by  eilver  soldering  a oopper  wire  around  the  oopper  noszle. 

Tor  Buns  182  te  187  a oopper  nossle  (V0-0tw2)  haring  machined 
ooolent  passages  and  a uniform  wall  thiokness  (0.15  in)  was  esqployod. 

That  nossle  performed  satisfactorily  for  run  durations  up  te  39  seo. 

After  Bun  187  the  noszle  had  become  deformed  due  to  the  high  coolant  pres- 
sure to  whloh  it  had  been  expound.  It  was  replaced  by  a new  nossle  (V0-0iw3) 
which  was  designed  with  a tapered  wall  to  improve  its  ability  to  resist  col- 
lapse when  exposed  to  high  coolant  pressures.  The  deformation  occurred 
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Fig.  15.  Divergent  Section  of  Ceramic  Nozzle  Showing  Burnout  at  Throat 


Fig.  16.  6-point  Injector  Showing  Burned  Area  Around  Injection  Orifices 
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principally  at  shut-down  whan  the  nostle  was  hot,  and  was  unsupported  by 
the  gas  pressure. 

She  thloknass  of  the  wall  was  increased  to  j/l6  in  at  the  com- 
bustion chamber  end,  tapered  uniformly  to  0,212  in  at  the  threat,  and 
then  inoreased  uniformly  te  0,25  in  at  nossle  exit,  ▲ l/l6  in  deep  ooslant 
passage  was  machined  in  the  outer  wall  of  the  nostle.  She  nostle  assembly 
included  a split  filler  bleak,  equipped  with  springe,  fer  holding  the 
bleak  firmly  against  the  lands  of  the  ooolant  passage,  figure  6 illus- 
trates the  nossle  assembly.  Satisfactory  operation  of  the  nossle  design 
presented  in  fig.  6 was  obtained  throughout  the  remainder  ef  the  investi- 
gation (Suns  188  to  204),  She  above  mentioned  design  did  not  totally  pro- 
vent  the  copper  nossle  from  creeping  away  from  the  filler  block.  After 
approximately  three  or  four  runs  it  was  generally  neoessary  to  foroe  the 
copper  lands  back  against  the  filler  block.  Shis  was  done  by  driving 
two  iron  cones  simultaneously  into  the  converging  and  diverging  seotions 
of  the  nossle, 

▲ 12-impingement  point  triplet- typo  injector  was  employed  fer 
Buns  172  to  187.  Blight  burning  ef  the  injeotor  face  in  the  region  of 
the  fuel  holes  ocoured  during  each  run.  Koreover,  the  small  fuel  holes 
employed  with  the  aforementioned  injector  tended  to  plug  19  with  oarben; 
the  small  holes  were  required  to  produce  a reasonable  pressure  drop  across 
the  fuel  holes.  Whether  the  plugging  occurred  during  the  starting-up 
period,  during  the  run,  or  at  shut-down  was  not  determined. 

So  overcome  the  plugging  of  the  fuel  holes  encountered  with  the 
12-point  injeotor,  the  latter  was  replaced  by  a 6-point  triplet  injeotor 
(Ztl.  -aS-l).  lhe  latter  was  designed  to  provide  a higher  pressure  drop 
across  the  injection  orifices  and  better  cooling  of  the  downstream  face 
of  the  injector.  Injector  2ll-$B-l  was  employed  for  Buns  183  to  135* 
figure  16  shows  the  injector  face  after  it  had  been  used  for  7 runs.  ▲ 
small  amount  of  burning  occurred  principally  around  the  inboard  acid  ori- 
fices, She  burning  appeared  to  stop  after  it  had  progressed  to  a depth 
of  approximately  0.05  in,  leaving  a wall  thickness  of  approximately  0.1  inch. 
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An  explosion  oaused  by  leakage  of  ths  starting  foal  (furfuryl- 
aloohol  mixed  with  anilina)  into  tha  acid  aanlfold  occurred  on  Ban  195. 
and  tha  injector  aanlfold  aaotlon  vu  damaged  beyond  repair.  Tha  mani- 
fold aaotlon  vu  raplaoad  with  anothar  of  ldantloal  design.  Measurements 
of  the  praaaure  drops  aorosa  tha  aoid  and  fuel  hole a of  tha  nav  lnjaotor 
ah owed  than  to  ha  somewhat  anal la r than  those  for  tha  previous  lnjaotor 
for  the  sane  flow  rateo  (aoa  Tigs.  11  and  12).  A hi propellant  tsIto  sal- 
vaged from  a THI13-A  J-5  JATO  unit  was  aodifled  to  prevent  leakage  of  the 
propellants  Into  tha  lnjeetor  anni folds  hy  Including  O-rlng  seals  In  tha 
pintles.  In  addition,  tha  Jeflon  seats  were  replaced  with  aluminum  seats. 
Iha  redesigned  bipropellant  valve  operated  satisfactorily  for  tha  renalnder 
of  tha  investigation.  Bans  1$6  to  204, 

JP-3  was  used  as  tha  fuel  for  Buns  172  to  193*  Tor  Bans  194 
to  SOh  lneluslvo  tha  fuel  waa  JP-4.  Vo  dlotlngulshable  differences  were 
observed  in  the  startlng-^p,  the  oombustloa,  and  the  performance  charac- 
teristics of  JP-3  and  JP-4. 

nil.  ixmiimm  xrbob 

fixe  calculations  of  performance  and  heat  transfer  for  the  rooks t 
aotors  were  a ads  on  an  ISC  card  pro gras  computing  machine  in  tha  manner 
previously  daeorlbed  in  reference  3* 

The  method  employed  for  estimating  tha  accuracy  ef  ths  experi- 
mental performance  Is  also  dlsoussed  In  detail  In  reference  3*  Xaploy- 
lng  the  customary  differential  calculus  method  for  small  errors,  ths  ex- 
pected maximum  error  In  tha  performance  parameters  were  oaloulatad  for 
Bon  204  by  moans  of  the  IM  oomputer,  the  errors  being  1.5  per  oent  far 
tha  speolflc  Impulse,  1.4  per  osnt  for  the  thrust  ooeffloient,  and  1.9 
per  cent  for  the  characteristic  veloolty.  Siough  the  errors  vary  slightly 
from  one  run  to  the  next,  they  are  of  the  tame  order  eu.  those  given  above. 

Tor  the  data  employed  in  Plgureo  1 and  2,  the  maxi  mam  deviation 
of  the  combustion  pressure  from  1000  psla  was  2.9  per  oent;  however,  the 
average  deviation  was  1.0  per  cent.  The  maximum  scatter  of  spool fio 
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impul se  due  to  tho  deviation  of  oombuution  pressure  it  from  equation  2 
(too  alee  fig.  4)  - 0*9  mo  and  tho  average  ooatter  la  0*3  for  a mix- 
ture ratio  of  4*6*'  Thus  the  offoot  of  tho  deviation  in  oombuetion  pressure 
from  1000  paia  la  within  tho  accuracy  of  tho  experimental  measurements. 

figures  1 and  2 do  not  include  tho  run a which  are  marked  with  an 
asterisk  in  Ihble  1,  ip pendix  A,  Some  of  tho  runs  ao  aarkod  wero  utilised 
only  for  tooting  tho  otartlng-up  oharaoteriatloa  of  tho  motor*  In  other*, 
instrunontatlon  or  ooohanioal  failuro  in  tho  ayatoa  producod  unreliable 
information*  It  aay  bo  noted  in  the  oonaenta  of  fable  1 that  instability 
waa  enoounterod  during  the  runs  which  are  aarkod  with  a double  asterisk* 

In  aany  Instances  during  an  unstable  period  of  tho  run  tho  variation  of 
propellant  flow  rate  and  coolant  teaporaturo  was  so  large  and  so  rapid 
that  the  respective  recording  lnstruaents  could  not  respond  accurately* 
figure  17  showa  the  oaolllegraph  rooord  of  Sun  202*  and  illustrates  the 
transition  froa  unstable  to  normal  combustion.  IXiring  the  run  tho  com- 
bustion alternated  to  and  from  unstablo  operation  several  times  with  no 
definite  period  of  transition* . far  comparison  a smooth  run  is  shown 
in  fig.  18. 

the  inability  of  tho  recording  potentlomoter  to  reoerd  the 
pressure  drop  across  the  motoring  orifice  employed  for  determining  the 
propellant  flew  rate  when  unstable  combustion  was  encountered*  is  illus- 
trated in  fig.  19*  figure  19  shows  the  trace  of  the  oxldlser  metering 
orifice  pressure  drop  obtained  froa  a stablo  run  (Bun  204)*  and  the  traoe 
from  an  unstable  run  (Bun  202)*  The  stablo  and  unstable  periods  can  be 
detected  easily  by  comparing  the  trace  with  the  oeoillograph  record  in 
17.  During  stablo  operation  (normal  combustion  oscillation)  the 
trace  is  relatively  flat,  but  during  unstable  operation  the  traoe  wanders 
or  drifts.  Judging  from  tho  oscillograph  rooord,  particularly  that  of  the 
noazlo  coolant  temperature  (potentiometer  trace  not  shown),  the  traoe  pre- 
duoed  by  the  recording  potentiometer  because  of  its  drifting  character 
does  not  indicate  the  correct  avorage  value  of  the  flow  rate,  but  rather 
indicates  the  Inability  of  the  recorder  to  assume  an  avorage  value  when 
there  are  combustion  vibrations. 
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Fig.  te.  Oscillograph  Record  of  Stable  Run 
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▲ ■ surface  area  of  combustion  ohaaber 
0 

k m surfaeo  araa  of  nosslo 
& 

0 ■ constant 

0^  ■ throat  coefficient 

0*  a oharacterietic  Telocity 

7 a thrust 

a oxidiser  flow  rate 

0^  « fuel  flow  rate 

0 a total  propellant  flew  rate 
P 

■ specific  impulse 

X ■ epecific  impulse  corrected  for  heat  transfer 

epo 

a a constant 

0/fa  ratio  of  oxidiser  flew  rate  to  foal  flow  rato 
P0  - ooafanstlon  pr»rcr. 

ooahustion  chamber  heat  transfer  rate 
nossle  heat  transfer  rate 
turbulence  ring  heat  transfer  rata 
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